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Introduction
Development of oesophageal adenocarcinoma (EAC) is related to Barrett's oesophagus (BE), a premalignant condition of the distal oesophagus. In BE, the pre-existent squamous epithelium is replaced by columnar epithelium which develops under the influence of chronic acid and bile reflux and frequently contains goblet cells [1] [2] [3] . The progression from BE to EAC is a gradual process, in which intestinal metaplasia (IM) evolves to low-grade dysplasia (LGD), high-grade dysplasia (HGD) and eventually EAC [4] . Therefore, current guidelines recommend endoscopic surveillance in BE patients to detect HGD or EAC at an early stage, with the aim to improve survival rates [5, 6] . Several studies have shown that patients diagnosed with EAC during BE surveillance have earlier staged tumors and probably better survival compared to those diagnosed after the onset of symptoms [7] [8] [9] [10] .
The estimated incidence of EAC in patients with BE was reported to be between 0.5 and 1% per year [11] [12] [13] [14] . However, more recent population-based studies and two meta-analyses have set this risk around 0.12% to 0.38% per year [15] [16] [17] [18] . This relatively low annual risk reinforces the need for risk stratification tools to make BE surveillance more effective. BE length, male gender, smoking, and LGD are known risk factors for progression to HGD and EAC [13, 15, [18] [19] [20] . Two large population studies confirmed that patients with LGD have an approximately five times higher risk of progression compared to patients with non-dysplastic BE [15, 18] . Thus, more intensive surveillance is recommended in BE patients with LGD [5, 6] . However, the histological diagnosis of LGD is subject to a considerable inter-and intra-observer variation, because of sample error and overlap with features of non-neoplastic regenerative changes [21] [22] [23] [24] .
Because none of the current clinical and histologic criteria are able to accurately predict which patients are likely to progress to HGD or EAC, there is an increasing interest in (molecular) biomarkers. Many immunohistochemical (IHC) biomarkers have been studied in BE progression, mainly because they can be applied to standard histological samples. In clinical practice, IHC biomarkers are relatively easily applicable compared to other techniques. Currently, the addition of p53 IHC to the histological assessment is recommended in the guideline of the British Society of Gastroenterology as it may improve the diagnostic reproducibility of a histological diagnosis of LGD [5] . The use of IHC biomarkers as independent predictor of neoplastic progression is not yet performed in routine clinical care, neither for p53, nor for other IHC biomarkers. Therefore, this study aims to provide a systematic review and meta-analyses of all retrospective case control or cohort studies and prospective cohort studies investigating IHC biomarkers as predictor of neoplastic progression in patients with BE.
Materials and methods
This review was conducted according to the PRISMA and MOOSE guidelines (S1 MOOSE checklist, S1 PRISMA checklist) [25, 26] .
Definitions
BE was defined as columnar lined oesophagus (CLE). Neoplastic progression was defined as the development of HGD or EAC during follow up. Patients with neoplastic progression were classified as cases and patients without neoplastic progression as controls.
Data sources and searches
Records were identified by searching the following electronic databases: 1. EMBASE, 2. MED-LINE, 3. Web of Science, 4. CENTRAL, 5. PubMed Publisher, 6. Google scholar until 09-12-2016 (S1 Search). The search strategy was constructed by applying a sensitivity maximizing approach. A combination of MESH subject headings and text words were used related to IHC markers for progression in patients with BE. The search was confined to English language publications. Conference abstracts indexed in Embase from the years 2014-2016 were included in order to be able to include new and unpublished papers.
Study selection
Search results were combined and duplicates removed. Every article was screened on title and abstract level for relevance by a single author (SvO or VJ). Articles were reviewed full text by the same two independent authors and included if they met the following criteria: (1) association between IHC biomarker expression on formalin fixed paraffin embedded material and risk of neoplastic progression was assessed; (2) a cohort or case-control study design; (3) patients with known or newly diagnosed BE with or without LGD at baseline; (4) patients defined as cases had to have progressed to either HGD or EAC during follow-up; (5) mean follow-up of at least one year from the time of initial BE diagnosis; (6) the possibility to extract an OR. Studies were excluded if: (1) BE cohorts included patients with HGD at baseline; (2) endoscopic therapies affecting neoplastic progression were performed during follow-up (Fig 1) . Some manuscripts studied different biomarkers within the same population, these were considered as individual studies on the level of the individual biomarker.
Data extraction
For each included study two independent authors extracted data according to a standardized data extraction form and assessed the quality of the eligible studies (S1 Standardized data extraction form). In case of disagreement consensus was reached by consulting a third author (MS). Odds ratio's (OR)s and 95% confidence intervals (CI)s of individual IHC biomarkers were extracted or estimated from the data. If ORs could not be extracted directly from the text or the tables, ORs were calculated indirectly by using the numbers of cases and controls with an aberrant versus a normal IHC biomarker expression from text, tables, or figures.
Quality assessment
The quality aspects defined were: a difference at baseline between cases and controls of at least 10% (concerning baseline histology, age, sex, length of BE segment, and follow-up time), adjustments in the form of regression for differences of known predictors of progression (such as baseline histology, age, sex, and length of BE segment), exclusion of prevalent cases, control stainings, number of pathologists, pathologist agreement and pathologist blinding. These aspects were assessed and reported on but not used as exclusion criteria. 
, where Q was the chi squared statistic and df was its degree of freedom. Where possible, ORs adjusted for most factors were used in the analysis and unadjusted and adjusted ORs were pooled if necessary. Small study effects such as publication bias were assessed using a funnel plot.
Sensitivity and subgroup analyses
Sensitivity analyses were performed in case of a large standard error (if small study effects were likely present as observed in the funnel plot), if no adjustments were made for known predictors of progression (such as sex, age, histology, i.e. non-dysplastic or LGD, and BE-length), and if only an abstract was available. We excluded individual studies from the most reliable analysis to evaluate the impact of single studies on pooled risk estimates and heterogeneity. Additional analyses were performed to assess if an IHC biomarker can be used as a predictor of neoplastic progression, independent of the presence of dysplasia. Therefore, all studies were summarized which included only non-dysplastic BE patients, only BE with LGD patients, or in which adjustments were made for histology type. Additionally, two subgroup analyses were performed including either non-dysplasic or LGD BE patients.
Stringency of the definition for aberrant staining used and its interpretation
The stringency level of the definition for aberrant staining and its interpretation could lead to variation in the predictive ability of the IHC biomarker investigated. To investigate whether this effect might be present, the proportion of controls deemed positive was plotted against the OR of each study.
Results

Included studies
2081 records were retrieved, after removal of duplicates. After excluding 2050 records based on title and abstract, a total of 27 full text articles and four abstracts were assessed in detail ( Fig  1) . Of these, 19 full text articles and two abstracts were included in this review . These articles contained a total of 36 studies.
Characteristics. A total of 36 studies were included, containing 2260 patients of which 425 cases, selected from a populations of more than 7.000 BE patients. The proportion of male patients ranged from 66% to 100%. Mean duration of follow-up varied from 11.3 months to 120 months. Most studies were retrospective case-control studies (n = 33), and three prospective cohort studies. One study defined BE as CLE without IM, other studies defined BE as CLE with IM (n = 23), or gave no definition (n = 12). Endpoint was EAC in six studies and either HGD or EAC in 30 studies. (Table 1) .
Dilutions and definitions for aberrant staining used. For p53, the antibody DO-7 (Dako, Glostrup, Denmark) was frequently used with a dilution ranging from 1:20 to 1:1000. The definition for aberrant IHC staining was heterogeneous. Very intense staining was considered aberrant by all studies (being independent of the concentration used). However, intensity of staining was not a prerequisite for considering a staining pattern aberrant in seven studies [29-33, 37, 47] . Three more recent studies also considered a total absence of staining as aberrant [35, 36, 39] . For aspergillus oryzae lectin (AOL), one study calculated the OR for aberrant AOL IHC staining in 2 or 3 epithelial compartments versus 0 or 1 compartment [34] . Another study reported multiple ORs for aberrant AOL in 1, 2, or 3 versus 0 epithelial compartments [39] . The OR of aberrant AOL IHC staining in 2 or 3 versus 0 or 1 compartments was extracted from this second study and analyzed together with the data from the first study for the meta-analysis.
Quality of studies
In 14 of the 36 studies there was at least a 10% difference in baseline histology between cases and controls. In these studies, around 32% of the cases had IND or LGD at baseline, versus 9% in the controls. In five studies an age difference at baseline of at least 5 years was found between cases and controls, in four of these studies the case group was older. In six studies at least 10% more males were included in the case groups, 96% males on average in the cases, versus 73% in controls. Information on length of the BE segment for both cases and controls was provided in 13 studies. In cases a longer BE segment was present; on average 5.9 cm versus 4.8 cm in the controls. In 17 studies the total follow-up time differed by at least 10% between case and control groups. On average, follow up time was 51 months versus 59 months for cases versus controls, respectively. Seven studies excluded possible prevalent cases [29, 32, 34, 47, 49] . Fourteen studies adjusted for known predictors of progression (S1 Table) . 16 studies did not describe technical validation of the staining. IHC staining was scored by one observer in 15 studies, by two observers in 13 studies, and by three observers in three studies. Kappa values were mentioned in only eight studies. Whether slides were assessed in a blinded manner was not mentioned in six studies, all other studies reported the use of blinding (S1 Table) .
Meta-analyses
These were possible for p53, AOL, Cyclin A, Cyclin D, and alpha-methylacyl-CoA racemase (AMACR), which were studied 13, 2, 4, 3, and 2 times respectively. Of the 13 studies, two included patients from the same population, which resulted in exclusion of the older study in analyses for which both would have been eligible [32, 34] . The most frequent reasons for excluding articles were the absence of follow-up data and LGD being defined as neoplastic Immunohistochemical biomarkers in Barrett's oesophagus, systematic review and meta-analysis progression and end-point of the study (Fig 1) . Biomarkers studied only once were MCM2, CD1a, β-catenin, COX2, Ki67, HER2, Sialyl Lewis, Wheat germ, Lewis, and SOX2. The same group published two studies on hERG1, both including patients from the same population [46, 48] . Therefore, both studies were individually included without summary in a meta-analysis.
p53
A total of 12 studies were included in the meta-analysis. These contained 1905 patients, of which 342 cases. One study gave multiple ORs for various expression levels of p53 [34] . For this study, only the OR for intense overexpression of p53 staining was considered positive. Individual patient data of one study were converted in order to extract an adjusted OR [35] . The overall OR for neoplastic progression was 7.04 (95% CI 3.68 to 13.46) for patients with aberrant p53 expression ( Table 2 and Fig 2) . Aberrant p53 expression, detected in both nondysplastic BE and LGD patients, was significantly associated with the development of HGD or EAC. Significant heterogeneity (I 2 = 56%, P<0.010) was observed between the included studies, which can be considered a moderate amount of heterogeneity [50] . The 12 studies were plotted in a funnel plot which shows that small study effects can be present (S1 Fig) . In order to reduce the influence of such effects a sensitivity analysis was performed, which excluded all studies with a standard error above one. Based on this criterion, five studies remained, containing 1413 patients and 289 cases. The overall OR for neoplastic progression was 4.15 (95% CI 1.96 to 8.81) in patients with an aberrant p53 expression. (Table 2 ). The use of a more stringent definition of aberrant staining may lead to loss of aberrant expression in cases, in controls, or in both. In order to investigate this, the proportion of controls deemed aberrant was plotted against the OR of each study (S2 Fig). Studies with a higher point estimate of the OR appeared to have had less positive non-progressors. The same is seen if this is analyzed in individual studies where multiple cut-offs for positivity are described [32, 34] . Using a more stringent cut off resulted in a higher OR. Further sub sensitivity analyses were performed excluding studies for which no adjusted ORs were available. Four studies remained, containing 1322 patients and 278 cases. The overall OR for neoplastic progression was 3.18 (95% CI 1.68 to 6.03) in patients with an aberrant p53 expression. (Table 2) . Subsequently, individual studies were excluded from this analysis, and finally also studies presented as abstracts. These sensitivity analyses showed similar results with slightly lower point estimates compared to the main analysis. (Table 2 ). For three studies both unadjusted and adjusted ORs were available, and all three adjusted ORs had a lower point estimate compared to the unadjusted ones, in line with the outcome of our meta-analyses. p53 as independent predictor of neoplastic progression. For this analysis studies that did not adjust for histology at baseline were excluded. This led to the inclusion of six studies. These studies contained a total of 1340 BE patients, of which 282 cases. The overall OR, for aberrant p53 IHC on neoplastic progression, after stratification for histology, was 3.86 (95% CI 2.03 to 7.33). (Table 2) . p53 in non-dysplastic Barrett's oesophagus. Two studies were included for this analysis. These contained a total of 720 BE patients, of which 61 cases. Individual patient data of one study was re-analyzed to provide an OR for non-dysplastic BE patients only [35] . The overall OR for neoplastic progression to HGD or EAC in non-dysplastic BE patients was 6.12 (95% CI 2.99 to 12.52). (Table 2) .
p53 in low-grade dysplasia Barrett. For this analysis four studies were included. These contained a total of 182 BE patients, of which 37 cases. One study was re-analyzed to provide an OR for the LGD subgroup only [35] . The overall OR for neoplastic progression to HGD or EAC was 8.64 (95% CI 3.62 to 20.62). (Table 2 ).
AOL
Two studies were included in this meta-analysis. These contained 573 BE patients, of which 204 cases. The overall OR for neoplastic progression in BE patients with an aberrant AOL staining in 2 or 3 compartments, versus 0 or 1 compartments of the tissue was 3.04 (95% CI 2.05 to 4.49) ( Table 3 
CYCLIN A
Four studies were included in this meta-analysis. These contained 1275 patients, of which 285 cases. The overall OR for neoplastic progression in BE patients with cyclin A positivity was 1.90 (95% CI 0.85 to 4.22) ( Table 3 and S3 Fig). Results of the three studies were inconsistent in their findings (I 2 = 76%, P = 0.005).
CYCLIN D
Three studies were included in this meta-analysis. These contained 337 patients, of which 50 cases. The overall OR for neoplastic progression in BE patients with cyclin D positivity was Immunohistochemical biomarkers in Barrett's oesophagus, systematic review and meta-analysis 1.01 (95% CI 0.14 to 7.03) ( Table 3 and S3 Fig). Results of the two studies were inconsistent in their findings (I 2 = 80%, P = 0.007).
Alpha-methylacyl-CoA racemase
Two studies were included in this meta-analysis. These contained 712 patients, of which 53 cases. The overall OR for neoplastic progression in BE patients with alpha-methylacyl-CoA racemase positivity was 4.07 (95% CI 0.66 to 25.12) ( Table 3 and S3 Fig) . Results of the two studies were moderately consistent in their findings (I 2 = 53%, P = 0.14).
Studies on other IHC biomarkers
The following IHC biomarkers were investigated only once: β-catenin, CD1a, COX2, HER2, Ki67, Lewis, Mcm2, Sialyl Lewis, SOX2, and WGA. The same group published two studies on hERG1, both including patients from the same population [46, 48] . Therefore, both studies were individually included without summary in a meta-analysis. In the CD1a study CLE without IM was used as baseline histology [45] . When considering study size and point estimate, CD1a, SOX2, and hERG1 appeared most promising. (S4 Fig) .
Discussion
This is the first systematic review and meta-analysis to assess if IHC biomarkers can be used as an independent predictor for neoplastic progression in BE surveillance. Sixteen biomarkers have been investigated in this setting, of which five biomarkers have been investigated more than once. The meta-analysis showed that aberrant p53 expression was associated with a significantly increased risk of neoplastic progression. Moreover, aberrant p53 expression predicted neoplastic progression in both non-dysplastic BE patients and BE patients with LGD. Of the other four IHC biomarkers, AOL appeared to be most promising in predicting neoplastic progression, whereas Cyclin A, Cyclin D, and alpha-methylacyl-CoA racemase are still of limited value. Current use of p53 IHC in BE patients differs in international guidelines. The guideline of the British Society of Gastroenterology recommends the addition of p53 IHC staining for the pathological assessment of BE to improve the diagnostic reproducibility of dysplasia [5] . While the American Gastroenterological Association guideline states that: "data supporting the use of biomarkers to confirm the histologic diagnosis of dysplasia must be considered preliminary [51] . No guideline has yet adopted the use of IHC biomarkers to predict neoplastic progression. Two large population based studies confirmed that patients with LGD have an approximately 5 times higher risk of neoplastic progression compared to patients without LGD [15, 18] . Our meta-analysis is the first to show that BE patients, independent of the presence of LGD, with aberrant p53 IHC have a similar increased risk to develop cancer compared to patients with LGD. A recent publication claims to have investigated the predictive ability of immunohistochemical biomarkers [52] . However, they reported on samples either obtained from a resection specimen or from cases and controls without follow-up. Therefore, based on their current dataset, their current conclusion, i.e. that p53 overexpression predicts malignant progression, is not justified [53] . Although routine p53 IHC will incur higher cost than histological assessment alone, application of this marker has the potential to reduce the overall costs related to BE surveillance by improved risk stratification using expression of p53 IHC in combination with other predictors of progression, such as histology, sex, age, and length of the BE segment. Better risk stratification could result in both earlier detection of lesions in patients at risk, and a reduction in endoscopic and pathology recources for patients that will never develop progression. The disparity in ORs of neoplastic progression found in the various studies may be explained by differences in staining methods, including antibodies used, antigen retrieval methods, definitions, and interpretations of aberrant staining used. Therefore, special consideration should be given to the protocol of staining and the definition and interpretation used for aberrant expression. Some studies did not consider loss of p53 staining aberrant, which might have contributed to the protocol being less predictive compared to other studies. By using a more stringent definition of aberrant expression, cases appeared to remain p53 aberrant, while controls were not considered aberrant ( S2 Fig) . Therefore, the use of more stringent definitions and interpretations for aberrant staining appears to lead to a higher predictive ability of p53 IHC.
The strength of this paper is the focus on IHC biomarkers as a relatively easy applicable tool to improve risk stratification in BE surveillance. Additionally, we performed a broad search, and the extraction of ORs from text, tables and figures resulted in the inclusion of quite a large number of studies. The inclusion of abstracts results in an up to date overview of this field. Because meta-analysis is the synthesis technique that is most transparent and most likely valid also with small amount of studies included, some of the meta-analysis were performed with only two studies, as no more studies were available. [27] This study also has its limitations, such as the confinement to English language publications, the apparent presence of publication bias, differences in baseline comparability within studies, and the various adjustments made for these baseline differences. Therefore, we performed sensitivity analyses of the p53 metaanalyses, these show that the point estimate of the OR decreased from 7.04 to 3.18 when we accounted for these limitations. Because aberrant p53 IHC co-occurs with LGD, separate analyses were performed in which we stratified for dysplastic and non-dysplastic patients. These analyses show that aberrant p53 expression is an independent prognostic factor for neoplastic progression.
In conclusion, we show that sixteen IHC biomarkers in BE surveillance have been studied. Aberrant p53 expression is the most studied IHC biomarker and associated with a significantly increased risk to develop HGD or EAC, this association was independent of the presence of LGD. Consensus amongst pathologists concerning the appropriate staining method, definition, and interpretation of aberrant p53 expression is currently low, and more consensus is required. Other promising biomarkers such as AOL need further investigation. A more stringent definition of aberrant staining, and interpretation of that definition, may lead to loss of aberrant expression in cases, in controls, or in both. In order to investigate this, the proportion of controls deemed aberrant was plotted against the OR of each study with a standard error below 1. The use of a more stringent definition and interpretation for aberrant p53 staining appeared to result in a bigger reduction in the number of controls considered to have aberrant staining, compared to cases. Thus, by applying a more stringent definition and interpretation, the predictive value of p53 for neoplastic progression appears to increase. Formal statistical tests were not performed due to the limited number of data points and the post hoc nature of this analysis. 
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